Abstract. Annihilating dark matter particles in nearby subhalos could generate potentially observable fluxes of gamma rays, unaccompanied by emission at other wavelengths. Furthermore, this gamma-ray emission is expected to be spatially extended, providing us with a powerful way to discriminate dark matter subhalos from other astrophysical gamma-ray sources. Fermi has detected two dark matter subhalo candidates which exhibit a statistically significant degree of spatial extension (3FGL J2212.5+0703 and 3FGL J1924.8-1034). It has been argued that the most likely non-dark matter interpretation of these observations is that they are each in fact multiple nearby point sources, too close to one another on the sky to be individually resolved. In this study, we consider the ability of next generation gamma-ray telescopes to spatially resolve the gamma-ray emission from subhalo candidates, focusing on the proposed e-ASTROGAM mission. We find that such an instrument could significantly clarify the nature of Fermi's dark matter subhalo candidates, and provide an unprecedented level of sensitivity to the presence of annihilating dark matter in nearby subhalos.
Introduction
Indirect searches for dark matter currently employ a wide range of strategies. Among the targets of indirect searches with gamma-ray telescopes are dwarf spheroidal galaxies [1, 2] , the Galactic Center [3] , galaxy clusters [4] [5] [6] , and the extragalactic gamma-ray background [7, 8] . Each of these approaches offers relative advantages and disadvantages. In particular, the Galactic Center is expected to generate a very bright flux of dark matter annihilation products, while also suffering from significant astrophysical backgrounds. In contrast, the fluxes of dark matter annihilation products from dwarf spheroidal galaxies is predicted to be much lower, but with very low backgrounds.
An alternative strategy is to search for the gamma rays that are produced through dark matter annihilations within one or more nearby subhalos [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Throughout this paper, we define a subhalo as a gravitationally bound clump of dark matter located within the halo of the Milky Way. Within the standard paradigm of cold and collisionless dark matter, structures form through repeated mergers, leading the halos that encompass galaxies to contain large numbers of smaller subhalos [29] . Although the largest of the Milky Way's subhalos host dwarf spheroidal galaxies, as well as the Large and Small Magellanic Clouds, a much larger number of smaller subhalos are also expected to be present which do not contain appreciable quantities of gas or stars.
Annihilating dark matter in nearby subhalos could generate potentially observable fluxes of gamma rays, unaccompanied by radiation at other wavelengths. Estimates for the number of subhalos detectable by the Fermi Gamma-Ray Space Telescope vary considerably, depending on the assumptions that are made about the local distribution of dark matter subhalos and on the shapes of their dark matter profiles. For example, limits placed on the dark matter's annihilation cross section by the authors of Ref. [11] and Ref. [13] differ by a factor of a few for most dark matter masses, resulting largely from differences in the subhalo density profiles adopted. More specifically, while Ref. [11] adopted density profiles described by a tidally truncated Einasto profile, Ref. [13] chose instead to adopt a traditional NavarroFrenk-White (NFW) density profile, with concentrations selected to match the parameters of a given subhalo identified within the Via Lactea II simulation. A more recent study [9] based on data from the ELVIS and Via Lactea-II simulations favors a result that falls between those presented in Refs. [11] and [13] , while the study presented in Ref. [10] predicts a somewhat smaller number of detectable subhalos. Regardless of which of these results is closer to the correct answer, it is generally agreed that if dark matter consists of particles with a mass in the range of ∼10-100 GeV and with an annihilation cross section similar to that naively predicted for a thermal relic (σv 2 × 10 −26 cm 3 /s), a small number of nearby subhalos could plausibly be detectable by Fermi, as well as by future space-based gamma-ray telescopes.
The Fermi Collaboration's Third Source Catalog (3FGL) contains 992 gamma-ray sources that have not been associated with emission observed at other wavelengths [30] , including 19 high-latitude (|b| > 20 • ) sources that are bright (Φ γ > 7 × 10 −10 cm −2 s −1 , E γ > 1 GeV), non-variable, and that exhibit a spectral shape that is consistent with the predictions of annihilating dark matter [11, 12] . Although it is likely that most of these objects are unidentified astrophysical sources, such as radio-faint pulsars, it is plausible that some of them could be dark matter subhalos.
A powerful way to potentially discriminate a dark matter subhalo from an unidentified astrophysical source is to study the morphology of the associated gamma-ray emission. In particular, it has been argued that a robust detection of a spatially extended gamma-ray source without observable counterparts at other wavelengths would constitute a smoking gun for annihilating dark matter [12] . While diffuse emission mechanisms (pion production, inverse Compton scattering, and bremsstrahlung) can generate spatially extended gamma-ray emission from astrophysical sources, these processes also invariably generate bright emission at other wavelengths, through processes such as synchrotron, or through the heating of diffuse material. Furthermore, in contrast to more compact objects, any multi-wavelength emission that is generated in diffuse environments will not be readily absorbed or significantly beamed. It is noteworthy that very bright multi-wavelength emission has been detected [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] from all 25 of the sources in the 3FGL catalog [30] that are classified as spatially extended. The majority of these extended sources are supernova remnants and pulsar wind nebula, along with the star-forming region Cygnus X, the lobes of the radio galaxy Centaurus A, and the Large and Small Magellanic Clouds.
It was recently pointed out in Refs. [11, 12] (see also Ref. [44] ) that the gamma-ray emission from the unassociated Fermi source 3FGL J2212.5+0703 is spatially extended, with a radius of ∼0.2 • , preferring an extended profile over that of a point source with a significance of 5.1σ. Furthermore, this source is located far from the Galactic Plane (b = −38.56), shows no signs of variability, and exhibits a spectral shape that is well fit by the annihilations of an ∼15-35 GeV dark matter candidate (for the case of annihilations to bb). Even more recently, the source 3FGL J1924.8-1034 was also shown at the 5.4σ confidence level to be extended, with a best fit radius of ∼0.15 • , and favoring a similar range of dark matter masses as 3FGL J2212.5+0703 [45] .
The lack of observable multi-wavelength counterparts make it very unlikely that either 3FGL J2212.5+0703 or 3FGL J1924.8-1034 are extended astrophysical sources. Instead, the most likely non-dark matter interpretation of these observations is that these apparently extended sources are each, in fact, multiple point sources, too close to one another on the sky to be individually resolved by Fermi [12, 45] . In Ref. [12] , it was estimated that there is a small but non-negligible chance probability (approximately ∼2%) that a pair of such sources would appear somewhere on the sky. In light of this, it is difficult at this time to make a convincing case that either 3FGL J2212.5+0703 or 3FGL J1924.8-1034 is a dark matter subhalo.
In order to definitively resolve the spatial morphology of the gamma-ray emission associated with these apparently extended sources, it is likely that instruments beyond Fermi will be required. There are plans, however, for future space-based gamma-ray telescopes which would be very useful in this regard. Such proposals include the All-sky Medium Energy Gamma-ray Observatory (AMEGO), the Compton-Pair Production Space Telescope Figure 1 . The projected accceptance (left) and 68% containment radius (right) of e-ASTROGAM, compared to that of the Fermi's Large Area Telescope (LAT). Although the total acceptance of e-ASTROGAM is only competitive with that of Fermi at energies below ∼100 MeV, the improvement in angular resolution (by a factor of ∼4-6 at energies between 100 MeV and 1 GeV) will be invaluable in ascertaining the nature of Fermi's dark matter subhalo candidates.
(ComPair) [46] , and enhanced ASTROGAM (e-ASTROGAM) [47, 48] . 1 These instruments are each designed to utilize both Compton scattering and pair production signals, offering unprecedented sensitivity to photons in the MeV-GeV energy range.
For concreteness, we focus in this study on the case of e-ASTROGAM. In Fig. 1 we present the projected acceptance and 68% angular containment radius for e-ASTROGAM [47] , compared to that for the Fermi Gamma-Ray Space Telescope. 2 In the case of e-ASTROGAM, we took the acceptance to be equal to the effective area reported in Ref. [47] multiplied by 0.2×4π steridians, representing the telescope's approximate field-of-view. Although the total acceptance of e-ASTROGAM is competitive with that of Fermi only at energies below ∼100 MeV, the superior angular resolution of this experiment would be invaluable in ascertaining the nature of the subhalo candidate sources 3FGL J2212.5+0703 and 3FGL J1924.8-1034.
Previous studies have considered the prospects for detecting annihilating or decaying dark matter with an experiment such as e-ASTROGAM, focusing on the case of relatively light (i.e. sub-GeV) dark matter candidates, and their novel spectral features [49] [50] [51] . Here, we instead focus on e-ASTROGAM's ability to detect and resolve the morphology of the dark matter subhalo candidates previously observed by Fermi.
Dark Matter Subhalos and Future Sub-GeV Gamma-Ray Telescopes
The gamma-ray emission from a given dark matter subhalo is described as follows:
where σv is the dark matter's thermally averaged annihilation cross section, m χ is the dark matter's mass, dN γ /dE γ is the spectrum of gamma rays produced per annihilation, and the integral is carried out over the line-of-sight (los). The radial density profile, ρ(r), is given in terms of the distance to the center of the subhalo, r = √ l 2 + D 2 − 2lD cos θ, where D is Figure 2 . The gamma-ray spectrum from dark matter annihilating to bb, for three choices of the mass. In each case, the overall flux is normalized to 1.33×10 −9 cm −2 s −1 above 1 GeV (approximately equal to the flux observed from 3FGL J2212.5+0703 [12] ).
the distance from the subhalo to the Solar System. Following Ref. [12] , we adopt a subhalo density profile that is described by an NFW distribution, tidally truncated at a radius such that only the innermost 0.5% of the mass remains intact [52] . Throughout this study, we quantify the degree of spatial extension from a given gamma-ray source by the quantity, σ 68 , which is defined as the angular radius that contains 68% of the total photons from that source. For a given dark matter mass and annihilation channel, we calculate dN γ /dE γ using PYTHIA 8 [53] (see also Ref. [54] ). In Fig. 2 we show the gamma-ray spectrum produced from dark matter annihilating to bb, for three values of the mass, and in each case normalized to a flux of 1.33 × 10 −9 cm −2 s −1 above 1 GeV (the approximate flux observed from 3FGL J2212.5+0703).
In order to evaluate the ability of e-ASTROGAM and/or Fermi to distinguish one or more gamma-ray point sources from an extended source, we have simulated sources of various morphology and spectrum. In each case, we create a 10 • × 10 • map of the emission, divided into 0.0125 • × 0.0125 • angular bins, and 20 flux bins evenly spaced in logarithm between 0.01 and 100 GeV. In addition to the sources themselves, we include a background of Galactic diffuse emission [55] and the extragalactic gamma-ray background [56] . We adopt the instrumental acceptances as shown in the left frame of Fig. 1 , and consider observations over a period of 10 and 5 years for Fermi and e-ASTROGAM, respectively. The underlying angular distribution of the photons is then convolved with a 2D Gaussian point spread function, with a containment radius for each instrument as shown in the right frame of Fig. 1 .
In the leftmost frames of Fig. 3 , we show simulated photon-count maps for a single point source with a spectral shape and flux equal to that shown in Fig. 2 for the case of a 30 GeV dark matter particle, as measured by either Fermi LAT (top) or e-ASTROGAM (bottom). In the center frames of this figure, we show simulated maps for an extended gamma-ray source, with a morphology of a dark matter subhalo with a tidally truncated NFW profile, extended Figure 3 . Simulated photon-count maps as measured by either Fermi LAT (top) or e-ASTROGAM (bottom). In the left frames, the maps correspond to the emission from a single point source, while the center and right frames depict images from a subhalo-like extended source (with σ 68 = 0.25
• ) and from a pair of point sources (separated by 0.28
• ), respectively. In each case, the spectral shape and total flux is equal to that shown in Fig. 2 for the case of m χ = 30 GeV.
to a degree corresponding to σ 68 = 0.25 • . Lastly, in the right frames, we show simulated maps for a pair of nearby gamma-ray point sources, of equal flux and separated from one another by a distance of 0.28 • . 3 Whereas it is rather difficult to distinguish the extended source morphology from that of two nearby point sources in the simulated Fermi maps, the difference is much more clear in the simulated e-ASTROGAM images.
To access the ability of Fermi and/or e-ASTROGAM to distinguish between these different morphologies, we use a given map and draw from a Poisson distribution for each bin to produce a series of mock observations of the region. We then calculate the mean log-likelihood with which these mock observations are described by a given model. The log-likelihood is given as follows:
where the sum is carried out over all angular and energy bins, k i denotes the number of events in bin i, and λ i is the number of events predicted by the model in the same bin. We then define the test statistic (TS) that one model can be distinguished from another as twice the difference in the log-likelihood. For the case shown in Fig. 3 , we find that Fermi alone can distinguish between the single point source model and the extended model at a level of TS=22.3 (similar to the value of 3 Here and throughout this study, we consider point source pairs that are separated by an angle that is chosen to be maximally difficult to distinguish from the case of a single extended source. In the case of an extended subhalo with σ 68 = 0.25
• , this corresponds to a separation of 0.28
• , whereas for σ 68 = 0.10
, we find the maximally indistinguishable separation to be 0.12 Flux > 1 GeV Flux > 1 GeV Flux > 1 GeV TS=21.4 that was found for 3FGL J2212.5+0703 in Ref. [12] ). But Fermi has a more difficult time distinguishing an extended source from a pair of nearby point sources (TS=11.5, and requiring additional degrees-of-freedoms relative to the single extended source model). In this respect, data from an experiment such as e-ASTROGAM could be very clarifying. In particular, we find that the combination of Fermi and e-ASTROGAM can identify extension from such a source at a level of TS=79.5, and differentiate two point sources from a single extended source with TS=53.5. This represents a clear and qualitative improvement to that possible using Fermi alone.
In Figs. 4 and 5, we generalize these results, plotting the ability of either Fermi alone, or Fermi combined with e-ASTROGAM, to differentiate a gamma-ray point source, or a Flux > 1 GeV Flux > 1 GeV Flux > 1 GeV pair of point sources, from an extended source. We show results for subhalos extended with σ 68 = 0.05 • , 0.1 • or 0.25 • , and for spectral shapes corresponding to the three dark matter models shown in Fig. 2 . For each dark matter model and extension, we plot the ability of these instruments to distinguish the morphologies (presented in terms of the test statistic, TS) as a function of the total flux of the gamma-ray source(s). We also show these results for three different choices of the Galactic Latitude (the diffuse gamma-ray background is lower at higher latitudes). We would like to emphasis two important points that are illustrated by Figs. 4 and 5. First, although Fermi may sometimes be unable to distinguish an extended gamma-ray source from a pair of nearby sources, e-ASTROGAM will in many cases be capable of breaking such degeneracies (as shown in Fig. 5 ). Such an instrument would be expected to shed considerable light on the sources 3FGL J2212.5+0703 or 3FGL J1924.8-1034, resolving their morphologies in some detail. Second, if either or both of the extended gamma-ray sources 3FGL J2212.5+0703 or 3FGL J1924.8-1034 are in fact dark matter subhalos, we should expect e-ASTROGAM to identify spatially extended gamma-ray emission from several more subhalo candidates. For example, in the case of a dark matter mass of 30 GeV and annihilations to bb, Fig. 4 indicates that Fermi can identify the presence of extension from a subhalo (with TS > ∼ 25) only for very bright sources (F γ > ∼ 10 −9 cm −2 s −1 above 1 GeV) with σ 68 > ∼ 0.2 − 0.3. But the combination of Fermi and e-ASTROGAM would be able to identify the extension of a subhalo with a similar luminosity and physical extent that is located at a distance of up to ∼30-40% farther away. Thus for a locally homogeneous distribution of subhalos, we expect e-ASTROGAM to increase the number of subhalos with detectable spatial extension by a factor of ∼2-3. Within this context, particularly promising targets for e-ASTROGAM include the Fermi sources 3FGL J1119.9-2204 and 3FGL J0381.1+0252, each of which currently exhibit hints of spatial extension (TS 7.7 and 5.8, respectively) [12] . If these sources are in fact extended at a level of σ 68 ∼ 0.07 • , 0.15 • as suggested by the Fermi data, this extension would be expected to be resolved with high significance by e-ASTROGAM.
Summary and Conclusions
In this study, we have considered the prospects for e-ASTROGAM to improve upon our ability to characterize the morphology of spatially extended gamma-ray sources. Although Fermi has detected a small number of sources which appear to be spatially extended with a radius of ∼0.2-0.3 • , it is possible that these observations are, in fact, of multiple point sources which are too close to each other to be resolved. Due to e-ASTROGAM's high angular resolution at ∼0.1-1 GeV energies, it is expected that such an instrument would be able to clearly resolve such sources, and considerably clarify their nature. Furthermore, if any of Fermi's extended sources are in fact dark matter subhalos, we expect e-ASTROGAM to identify spatially extended gamma-ray emission from several more subhalo candidates.
